Enterococcus faecalis is a ubiquitous bacterium that is capable of surviving in a broad range of natural environments, including the human host, as either a natural commensal or an opportunistic pathogen involved in severe hospital-acquired infections. How such opportunistic pathogens cause fatal infections is largely unknown but it is likely that they are equipped with sophisticated systems to perceive external signals and interact with eukaryotic cells. Accordingly, being partially exposed at the cell exterior, some surface-associated proteins are involved in several steps of the infection process. Among them are lipoproteins, representing about 25 % of the surfaceassociated proteins, which could play a major role in bacterial virulence processes. This review focuses on the identification of 90 lipoprotein-encoding genes in the genome of the E. faecalis V583 clinical strain and their putative roles, and provides a transcriptional comparison of microarray data performed in environmental conditions including blood and urine. Taken together, these data suggest a potential involvement of lipoproteins in E. faecalis virulence, making them serious candidates for vaccine production.
Introduction
The Gram-positive bacterium Enterococcus faecalis is a natural commensal of the gastro-intestinal tract of humans and animals. Because of faecal dissemination and its capacity to adapt to many environments, this bacterium can also be isolated from food, plants, water and soil. However, enterococci have emerged as opportunistic pathogens involved in nosocomial infections causing severe urinary tract infections, surgical wound infections, pneumonia, bacteraemia and bacterial endocarditis (Murray, 1990) . Among them, E. faecalis is responsible for up to 80 % of enterococcal nosocomial infections (Jett et al., 1994) and represents one of the principal causes of nosocomial infections in the USA and Europe. The increased incidence of these infections is, in part, due to the intrinsic and acquired resistance of the bacterium to commonly used antibiotics (including vancomycin) and the production of many virulence factors, which are involved in several steps of the infection process such as adhesion, colonization, macrophage resistance and immune system evasion (Hunt, 1998; McBride et al., 2007; Moellering, 1998) . Among these virulence factors are enzymes (e.g. cytolysin, hyaluronidase, gelatinase, serine protease) and other surface-associated compounds (Jett et al., 1994; Chow et al., 1993; Schlievert et al., 1998; Chuang et al., 2009; Lebreton et al., 2009; Shankar et al., 1999 Shankar et al., , 2001 Rich et al., 1999; Nallapareddy et al., 2006; Hancock & Gilmore, 2002; Teng et al., 2002; Rice et al., 2003; Singh et al., 1998a, b; Qin et al., 2000) . These latter compounds, including carbohydrates, biofilm-associated pili and aggregation substances, are at least partly in contact with the bacterial micro-environment, suggesting that they may interact with it. Some of the surface-located proteins, including lipoproteins, are indeed important for adhesion, colonization and infection.
Lipoproteins in Gram-positive bacteria are anchored to the outer leaflet of the plasma membrane by a diacylglyceride, with the protein moiety localized within the cell envelope and in some cases surface-exposed. They are synthesized in the cytoplasm as preprolipoproteins containing an Nterminal signal peptide and are translocated across the cytoplasmic membrane via the universally conserved Sec pathway or the Twin-arginine translocation (Tat) pathway (Hutchings et al., 2009; Thompson et al., 2010; Widdick et al., 2011) . After membrane translocation, a prolipoprotein diacylglyceryltransferase (Lgt) catalyses the transfer of a diacylglyceryl moiety from a glycerophospholipid onto the SH-group of a conserved cysteine which is located immediately downstream of the signal peptide (Braun & Wu, 1994) . Subsequently, a type II signal peptidase (Lsp) cleaves the precursor immediately upstream of the lipid-modified cysteine (Hayashi & Wu, 1990; Sankaran & Wu, 1994) . In Gram-negative bacteria, a third fatty acid is linked to the free amino group of the lipidated cysteine by an apolipoprotein N-acyltransferase (Lnt) (Gupta & Wu, 1991) . However, although tri-acylated lipoproteins have been found in Firmicutes such as Staphylococcus aureus and in the mollicute Acholeplasma laidlawii, the lnt gene is not present in these organisms (Kurokawa et al., 2009; Asanuma et al., 2011; Serebryakova et al., 2011) .
Lipoprotein signal peptides are usually shorter than those of secreted proteins and are composed of three domains (N, H and C) (Cabanes et al., 2002; Hutchings et al., 2009) . The N-domain extends from the first methionine residue to the last charged residue and presents a net positive charge that is usually ¢2. The H-region extends from the amino acid following the last residue of the N-region to the amino acid located in position 25 related to the cleavage site, which occurs immediately upstream of a conserved cysteine. This hydrophobic region is generally at least 6 amino acids long. Finally, the C-terminal region corresponds to the four last residues of the peptide signal sequence. This region and the cysteine in position +1 define a conserved motif called the lipobox, the consensus of which is (Sutcliffe & Harrington, 2002 Bagos et al., 2008) provide high-performance mechanisms for the identification of lipoproteins in Gram-positive bacteria (Bagos et al., 2008; Rahman et al., 2008) .
Lipoproteins represent approximately 2-3 % of the bacterial proteome (Babu et al., 2006) and about 25 % of the proteins predicted to be associated with the E. faecalis cell envelope by Bøhle et al. (2011) . They have shown to be involved in many important cellular processes. Many of them are substrate-binding proteins which play a role in delivering the substrate to the corresponding ABC transporters (Sutcliffe & Russell, 1995; Babu et al., 2006) . They can be involved in acquisition of sugars, siderophores, divalent metal ions or amino acids, for example. Other roles of lipoproteins include folding of excreted proteins (rotamatase, peptidyl-prolyl cis/trans isomerase), sensing of environmental cues (e.g. as accessory proteins to two-component systems), pheromone production, antibiotic resistance, cell envelope stability and enzymic activities (Sutcliffe & Russell, 1995; Clewell et al., 2000; Hutchings et al., 2009; Kovacs-Simon et al., 2011) . Recently, the involvement of lipoproteins in virulence processes has emerged, since they have been linked to adhesion, inflammatory processes and activation of the immune system through many cell types (monocytes, macrophages, neutrophils and B cells), induction of phagosome escape and translocation of virulence factors (Bray et al., 2009; Machata et al., 2008; Henneke et al., 2008; Kurokawa et al., 2009; Shin et al., 2011; KovacsSimon et al., 2011) . The specific location of lipoproteins and their potential implication in virulence make them very interesting candidates for vaccine production (Sutcliffe & Harrington, 2004; Mayer et al., 2009; KovacsSimon et al., 2011; Roche & Weiser, 2010) and identification of essential lipoproteins would be useful when searching for novel drug targets. The aim of this review is to focus on the expression conditions and the putative roles of lipoproteins in virulence, in order to better understand the mechanisms of E. faecalis infection.
Identification of E. faecalis lipoproteins E. faecalis V583 was the first vancomycin-resistant clinical isolate reported in the USA and is also the first E. faecalis strain for which the genome was sequenced (Sahm et al., 1989; Paulsen et al., 2003) . Analysis of the E. faecalis V583 genome revealed that Lgt and the signal peptidase II (Lsp) are encoded by genes ef1748 and ef1723, respectively. A peptidase named Eep (EF2380), previously shown to be responsible for pheromone cleavage in E. faecalis An & Clewell, 2002) , shares high similarities (71 % identity) with a Streptococcus uberis protease found to be able to cleave lipoproteins in the absence of Lsp (Denham et al., 2008) . However, no homologue to Lnt (apolipoprotein acyltransferases) was observed in E. faecalis.
Lipoproteins were predicted by searching for the presence of a peptide signal and a lipobox motif within the amino acid sequences deduced from all 3272 ORFs of E. faecalis strain V583 (Paulsen et al., 2003) either using the LipoP (http:// www.cbs.dtu.dk/services/LipoP/; Juncker et al., 2003) or the PRED-LIPO (http://bioinformatics.biol.uoa.gr/PRED-LIPO/ input.jsp; Bagos et al., 2008) program or searching for the pattern G+LppV2 motif Rahman et al. (2008) . From the 93 candidates predicted, 77 were identified by all three approaches, while nine and six were predicted by only one or two methods, respectively (Table 1) . In order to identify other putative lipoproteins that were not identified here because of misannotation (i.e. proteins that would begin at a start codon located several nucleotides upstream from that originally predicted), we also searched for a pattern corresponding to G+LppV2 devoid of the motif for the N-domain of the signal peptide. This pattern ({DERK}(6, 20) 
allowed the identification of two putative lipoproteins which did not match with G+LppV2. These correspond to EF1241, which was not identified by the LipoP and PRED-LIPO methods, and EF2864, which was predicted by both programs. Nucleotide sequence analysis suggested that the translation of the corresponding ORFs would begin with a start codon located 21 and 12 nt upstream of that originally predicted during the annotation of the genome of strain V583 for EF1241 and EF2864, respectively. The signal peptide of these proteins would be MRKPYILMSLLVLSTLLSA and MKKGMLAFFVVLAVLSL TA for EF1241 and EF2864, respectively. These revised signal peptides match with the typical signal peptide features of lipoproteins whereas the original peptides lacked a positively charged N-domain.
Homology searches using BLASTP revealed that the cysteine located immediately after the putative signal peptide of one of the 94 candidates (EF2343) is absent in the corresponding protein of other E. faecalis strains such as TX0104 and TX0017. Thus, we can suggest that this protein is not a lipoprotein. Also, ef1565 encodes a putative prephenate dehydrogenase. Despite a strong sequence similarity between EF1565 and prephenate dehydrogenases involved in the biosynthesis of tyrosine of other Gram-positive bacteria such as Listeria and Bacillus, there is no cysteine that can be acylated in strains of these latter genera. Thus, we can also suggest that EF1565 is not a lipoprotein. This hypothesis is also supported by its amino acid sequence that is located immediately upstream of the cysteine (SLAL), which is unprecedented in comparison with the lipoboxes of lipoproteins in E. faecalis and other Gram-positive bacteria. Finally, EF3187, which was only predicted using the LipoP software, harbours an LFSF amino acid sequence immediately upstream of the cysteine and consequently should be considered as a false-positive, as no lipoproteins described to date present a Phe in position 21.
In order to eliminate other potential false-positive candidates, we determined the length and the net positive charge of the peptide signal N-domain for each of the predicted putative lipoproteins, as well as the length of the H-domain and its grand average of hydropathicity (GRAVY; Kyte & Doolittle, 1982) index which was calculated using the ProtParam tool (http://web.expasy.org/protparam/; Kyte & Doolittle, 1982; Gasteiger et al., 2005) . This led us to eliminate one other protein: EF2116 does not present positively charged amino acids in its N-terminal region. Thus, a total of 90 lipoproteins were predicted in E. faecalis V583 ( Table 1 ). The comparison of the different tools used here revealed that the search with the G+LppV2 pattern (in association with that of the pattern G+LppV2 devoid of the motif for the N-domain) was the most effective approach to identify putative lipoproteins. Indeed, it allowed identification of 88 predicted lipoproteins whilst the use of the online tools LipoP and PRED-LIPO allowed the identification of 83 and 80 putative lipoproteins, respectively. During annotation of the E. faecalis V583 genome, 82 putative lipoproteins were listed (Paulsen et al., 2003) , among which 80 corresponded to the lipoproteins predicted here (Table 1) . Also, 15 putative lipoproteins listed in Table 1 correspond to proteins recently identified as potentially surface-accessible (Bøhle et al., 2011) . The mean of the length and the net positive charge of the peptide signal N-domains were 5.03 and 2.72, respectively, and the mean length and GRAVY index of the H-domains were 11.36 and 2.35, respectively. Statistical analysis of the lipobox revealed that the 21 position is usually an Ala (48.9 %), a Gly (35.6 %) or a Ser (15.5 %). The 22 position is an Ala in 35.6 % of the peptide signals, followed by a Thr (23.3 %), Ser (21.1 %), and Val, Gly, Ile, Leu and Met (, 8 % each) . The 23 position is a Leu in 71.1 % of the cases. The other residues observed in this position are Val, Phe, Ile, Met, Ala and Gly (6.7-3.3 %). Finally, the 24 position is more flexible and corresponds to Leu (33.3 %), Val (15.6 %), Ileu (12.2 %), Thr, Ala, Phe, Ser, Gly, Met or Pro (Fig. 1) . The consensus obtained for the E. faecalis lipobox sequences matches well with that described by Sutcliffe & Harrington (2002) 
In E. faecalis V583, 94.4 % (85/90) of the lipoprotein genes are located on the E. faecalis V583 chromosome while 5.6 % (5/90) genes are plasmid-encoded. Predicted lipoproteins encoded by chromosomal genes represent 2.7 % (85/3182) of all chromosomal ORFs and from the 3 218 031 bp of the chromosome, lipoprotein genes represent 84 594 bp (2.6 %). By analysing the number of putative lipoproteins in relation to the proteome size of 234 bacteria, Babu et al. (2006) showed that lipoproteins predicted using LipoP represented an average of 2.35 %. Thus, in comparison with other bacteria, the number of putative lipoproteins in E. faecalis V583 seems relatively large with regard to its genome size, although it remains below that of some bacteria such as Pseudomonas aeruginosa (3.3 %) (Babu et al., 2006; Lewenza et al., 2008) . A search for Tat signal peptides using the online software TATFIND 1.4 (http://signalfind.org/tatfind.html; Rose et al., 2002) and TatLipo1.03 (http://signalfind.org/ tatlipo.html; Storf et al., 2010) failed to identify such features within the amino acid sequence of the 90 predicted lipoproteins. Therefore, the transport of the lipoproteins across the plasma membrane can be assumed to be by the Sec system, and consequently we can conclude that E. faecalis lipoproteins are translocated across the membrane in an unfolded conformation.
Data from comparative genomic studies made by hybridization using microarrays or BLAST analysis (McBride et al., 2007; Solheim et al., 2009; Vebø et al., 2010; Solheim et al., 2011) were analysed to search for the presence of each lipoprotein gene in 52 E. faecalis strains (V583, MMH594, ARO1DG, Com6, Fly1, HIP11704, D6, JH1, LMGT3332, 92A, LMGT3344, LMGT3330, LMGT3341, LMGT3336, LMGT3331, LMGT3338, LMGT3337, Symbioflor 1, OG1RF, UC1146, E1834, E4250, E2370, E1960, E1841, E1807, E1188, 333904, 242603, 60996, 59796, 38304, 37256, 1645 , HH22, TX0104, ATCC29200, ATCC4200, CH188, DS5, E1Sol, Merz96, R712, S613, T1, T11, T2, T3, T8, TUSoD-ef11, TX1322, X98). This revealed that 54 genes among the 90 are present in all strains, 17 are present in 36-51 strains, while 19 genes are present in only 2-35 strains (Table 1) . These latter correspond to the five plasmid-encoded genes (efA0003, efA0032, efB0045, efB0055 and efC0001), ef2488 (a member of a gene cluster involved in capsule biosynthesis for which polymorphism was already reported) (Hancock & Gilmore, 2002; Hufnagel et al., 2004; McBride et al., 2007) and genes located within or immediately in front of previously Table 1 . List of the predicted lipoproteins in E. faecalis V583 ND, Not done. Prediction: L, match by LipoP; G, match to G+LppV2; P, match by PRED-LIPO; A, protein predicted to be a lipoprotein during E. faecalis V583 annotation (Paulsen et al., 2003) ; S, protein identified as surface-accessible by Bøhle et al. (2011) . Distribution: C, gene present in all 52 E. faecalis genomes analysed in this study (core genome); M, gene present in most of the genomes (i.e. 36-51 strains); R, gene present in a restricted number of the genomes (i.e. 2-35 strains).
F. Reffuveille and others described mobile genetic elements (Shankar et al., 2002; Paulsen et al., 2003; Solheim et al., 2011) . Indeed, genes ef0501, ef0511 and ef0577 are located in the pathogenicity island; ef0163, ef0164, ef2512 and ef2513 are in integrated plasmid regions; ef0304, ef1420, ef2144 are in phage-related regions; whilst genes ef0122 and ef1844 are located just upstream of the mobile genetic elements efaC2 and efaB5, and ef1869 is centred in the latter. Of all the analysed strains, the probiotic strain Symbioflor 1 contains the fewest lipoprotein genes (69/90) common to those identified here in the clinical isolate V583.
Putative roles of E. faecalis lipoproteins
In order to assign putative roles to the predicted lipoproteins, functional regions were identified using Pfam Table 2 ). The same genomic approach provided support for the probable function for several of the 16 other putative lipoproteins to which a function was attributed. Indeed, EF0511 and EFB0045 are likely to be thermonucleases and their genes are located near genes encoding single-strand DNA-binding proteins. ef0071 encodes a glycosyl hydrolase and is preceded by a putative N-acetyl mannosamine-6-phosphate isomerase gene, whilst ef0273 (phosphoglycerate mutase) is located immediately downstream of two genes encoding putative glycosyl hydrolases. The TRAP dicarboxylase transporter EF0429 is encoded by a gene which belongs to a complete ATP-independent transporter locus. Furthermore, EF1293, EF2447, EF3255, EF3256 and EF3331 are encoded by genes that belong to a genomic context with specific gene arrangement conserved in several bacterial species.
To our knowledge, none of the 90 predicted lipoproteins was previously shown or predicted to be involved in stress responses. However, 36 of them were shown to be involved in E. faecalis virulence or are homologous to bacterial lipoproteins involved in virulence in other Gram-positive bacteria. ef1818 encodes the extracellular metalloendopeptidase coccolysin (GelE) already shown to be involved in virulence and is located immediately upstream of the sprE gene encoding a serine protease also involved in E. faecalis virulence (Singh et al., 1998b; Qin et al., 2000) . EF2076 is the endocarditis-specific antigen EfaA (Lowe et al., 1995) . Using a mouse peritonitis model, Singh et al. (1998a) showed that infection with an efaA-negative mutant led to prolonged survival of mice compared with infection with a wild-type E. faecalis strain. efaA is the third gene of an operon (efaCBA) encoding an ABC transporter probably involved in metal acquisition, with EfaA being the lipoprotein component (homologous to pneumococcal PsaA; Rajam et al., 2008) . ef2488 is part of an operon specifying synthesis of a capsular carbohydrate which has already been shown to be involved in E. faecalis virulence (Hancock & Gilmore, 2002) .
Eight other genes (ef0055, ef0188, ef0193, ef0577, ef1397, ef1641, ef3082 and ef3206) encode subunits of metal ABC transporters and may also be important for E. faecalis virulence. Indeed, for the majority of bacterial pathogens, acquisition of iron, manganese or zinc, for example, by such metal ABC transporters, is a prerequisite for growth during infection and virulence (Brown & Holden, 2002; Papp-Wallace & Maguire, 2006; Weston et al., 2009) . Amino acid, peptide and amine ABC transporters can also be important for virulence development (Detmers et al., 2001; Härtel et al., 2011; Shah & Swiatlo, 2008) and 16 putative E. faecalis lipoproteins are potential ABC transporters involved in transport of such compounds (ef0063, ef0804, ef0807, ef0907, ef1060, ef1119, ef1221, ef1513, ef1791, ef2725, ef3041, ef3106, ef3181, ef3198, efA0003 and efC0001), some of them being potential pheromonebinding proteins. Although sex pheromones are not considered as virulence factors per se, they may favour dissemination of virulence determinants and antibiotic resistance traits carried by pheromone-responding conjugative plasmids (Valenzuela et al., 2008) . Moreover, peptide pheromones are produced by proteolytic processing of the cleaved signal sequences of secreted lipoproteins, and genes ef1340, ef2496, ef3256 and ef3331 encode the pheromone precursors cAM373, cOB1, cAD1 and cCF10, respectively (Chandler & Dunny, 2004) . The processing for the latter two was described by Chandler & Dunny (2008) : the signal peptide is most likely released by Lsp and then its N-terminal domain is recognized by the Eep protease, which enables the release of the mature pheromone (with or without active export or further proteolytic processing).
Two lipoproteins (EF1534 and EF0685) share high homologies with peptidyl-prolyl cis/trans isomerases and are probably involved in protein folding. Both of them could be important for E. faecalis colonization. ef1534 encodes a putative peptidyl-prolyl cis/trans isomerase which shares F. Reffuveille and others 51 % identity and 65 % similarity with the SlrA rotamase of Streptococcus pneumoniae involved in pneumococcal colonization (Hermans et al., 2006) . The lipoprotein encoded by ef0685 shares 39 and 40 % identity with the PrtM and PpmA maturases of Streptococcus equi and S. pneumoniae, respectively. prtM-and ppmA-deficient mutants display reduced virulence (Hamilton et al., 2006; Overweg et al., 2000) , phenotypes that could be explained by a contribution of their substrates to colonization (Hamilton et al., 2006; Cron et al., 2009 ).
Other lipoproteins potentially involved in virulence include two putative thermonucleases (EF0511 and EFB0045) and a putative glycine betaine/carnitine/choline ABC transporter/ binding protein (EF0863) sharing 56 % identity and 77 % similarity with Listeria monocytogenes OpuC which was shown to be important for Listeria survival in a murine model of infection (Sleator et al., 2001) .
Transcriptional analyses of lipoprotein-encoding genes
Using data from microarray experiments accessible in the ArrayExpress archive database (http://www.ebi.ac.uk/ arrayexpress/), expression profiles of genes encoding E. faecalis lipoproteins were established. We compared expression of E. faecalis V583 genes encoding putative lipoproteins after growth in blood ( Expression of genes encoding putative lipoproteins was also analysed following incubation in urine. However, for this condition, it has to be noted that microarray experiments were performed with RNA extracted from the clinical isolates E. faecalis MMH594 (Shankar et al., 2002) and OG1RF (Dunny et al., 1978) , and the probiotic strain Symbioflor 1 (SymbioPharm) exposed to NaCl for 5 or 30 min in urine (Vebø et al., 2010) .
Only results showing a log 2 ratio either ,22 or .2 between the amounts of mRNA in a given condition relative to the control were considered, and for analyses based on measurements of at least three time points, the results were considered significant when these conditions were observed for two consecutive points of the timecourse (Table 3 ). The transcriptional analysis for the genes encoding enzymes involved in lipoprotein biosynthesis (lgt and lsp) revealed that none of them was significantly downregulated in any of these conditions (data not shown). However, it revealed that five genes encoding lipoproteins were repressed when E. faecalis was incubated in blood, including ef2556 which was also repressed 30 min after exposure to urine. Ten genes were overexpressed during incubation in blood including ef3082 which was also upregulated during incubation in 26TY medium containing 10 % blood. Among the 10 genes overexpressed in blood, ef0063, ef1796, ef3082 and ef3106 were also overexpressed in strains MMH594 and OG1RF after 30 min of incubation in urine. Genes ef0176 and ef3041 were downregulated in urine. ef0176 is probably cotranscribed with that encoding the protein EF0177 for which log 2 ratios of 22.41, 21.94 and 21.88 were observed for strains OG1RF, Symbioflor 1 and MMH594, respectively. Finally, five genes were specifically overexpressed when incubated in urine, including gene ef0577 which is absent in the genomes of OG1RF and Symbioflor 1.
The 15 genes overexpressed during incubation in blood and/ or urine correspond to four ORFs of unknown function and 11 genes encoding ABC transporter components. These are probably overexpressed to compensate for the lack of nutrients in blood and/or urine, and nine of them were cited above as being potentially involved in E. faecalis virulence. They correspond to three putative metal transporters [EF0577, EF3082 and EF2076 (EfaA)], four putative oligopeptide transporters (EF0063, EF0807, EF0907 and EF3106) and two putative amino acid transporters (EF1119 and EF3198). All five genes specifically upregulated during incubation in urine encode ABC transporter components potentially involved in virulence.
From the seven downregulated genes, three are potentially involved in virulence. Indeed ef3041 and ef3256 encode a putative oligopeptide ABC transporter and the cAD1 pheromone precursor, respectively, and ef2488 belongs to a capsular carbohydrate operon already shown to be involved in E. faecalis virulence (Hancock & Gilmore, 2002) .
Conclusions
This study suggests that lipoproteins represent a high percentage (2.7 %) of the E. faecalis V583 proteome. From the 90 predicted lipoproteins in E. faecalis, 43 % correspond to components of ABC transporters (39/90), and 40 % (36/90) were previously shown to be involved in E. faecalis virulence or to share high homologies with lipoproteins involved in virulence in other Gram-positive bacteria. Of the 85 lipoprotein genes carried by chromosomal DNA, 13 are located on previously described mobile genetic elements. It is interesting to note that among all the strains studied here, the genome of the probiotic strain Symbioflor 1 contains the fewest lipoprotein genes (77 % of the 90 identified here). A study of available expression data revealed that 22 genes encoding lipoproteins are downregulated during incubation with blood or urine. Cumulatively, the data described here 
